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H I G H L I G H T S 
• The role of motor imagery (MI) and action observation (AO) methods was examined. 
• We analyzed brain correlates underlying learning of a complex coordination task. 
• Different activation patterns related to EEG spectral bands were elicited by AO and MI. 
• AO showed a more efficient activation of cortical resources during task execution. 
• AO may be more effective than MI in promoting early motor learning. 
A B S T R A C T 
Motor imagery (MI) and action observation (AO) are considered effective cognitive tools for motor learn-
ing, but little work directly compared their cortical activation correlate in relation with subsequent 
performance. We compared AO and MI in promoting early learning of a complex four-limb, hand-foot 
coordination task, using electroencephalographic (EEG) and kinematic analysis. Thirty healthy subjects 
were randomly assigned into three groups to perform a training period in which AO watched a video of 
the task, MI had to imagine it, and Control (C) was involved in a distracting computation task. Subjects 
were then asked to actually perform the motor task with kinematic measurement of error time with 
respect to the correct motor performance. EEG was recorded during baseline, training and task execu-
tion, with task-related power (TRPow) calculation for sensorimotor (alpha and beta) rhythms reactive 
with respect to rest. During training, the AO group had a stronger alpha desynchronization than the 
MI and C over frontocentral and bilateral parietal areas. However, during task execution, AO group had 
greater beta synchronization over bilateral parietal regions than MI and C groups. This beta synchrony 
furthermore demonstrated the strongest association with kinematic errors, which was also significantly 
lower in AO than in MI. These data suggest that sensorimotor activation elicited by action observation 
enhanced motor learning according to motor performance, corresponding to a more efficient activation 
of cortical resources during task execution. Action observation may be more effective than motor imagery 
in promoting early learning of a new complex coordination task. 
1. Introduction particularly effective when associated with physical practice [6] 
as compared with physical practice alone. Furthermore, some 
Movement observation [1,2], or imagery [3,4] has been proven authors suggest a similar learning effect of action observation (AO) 
as an effective tool in promoting motor learning. While motor and physical practice [7-9] . Both AO and MI share the activation 
imagery (MI) alone can improve motor performance [5], it is of cortical sensorimotor networks also implicated in movement 
execution [10-12] . For example, AO has been frequently associated 
with enhanced primary motor cortex (Ml) excitability [13,14]. 
During AO, motor evoked potentials (MEPs) of agonist muscles 
are increased [13,15]. Stephan et al. [16,17] have reported that 
observation of a simple aimless movement (i.e. thumb abduction) 
induces motor memory formation over Ml, particularly if move-
ment execution and observation are performed at the same time. 
Changes of activity in different electroencephalographic (EEG) 
frequency bands have long been observed to reflect various aspects 
of cognitive activity and cognitive states of movements, such as MI 
or AO. Thus, a large body of evidence indicates that different EEG 
rhythms, mainly in the alpha (8-12Hz) and beta (14-30Hz) fre-
quency range, characterize the brain activity of sensory and motor 
areas during voluntary movements and somatosensory processing 
([18,19]; for a review, [20]). Because EEG rhythms are them-
selves the product of synchronized activity among and within 
neuronal assemblies, it is often assumed that changes in EEG power 
reflect underlying changes in neuronal synchrony, typically called, 
"task-related" or "event-related" (de-)synchronization' (ERD/S) to 
describe event-related changes in EEG power over the cortex. In this 
respect, there is a widely accepted notion that EEG desynchroniza-
tion serves as an indicator of cortical activity or arousal, whereas 
EEG synchronization reflects a state of decreased neural excitability 
or inhibited thalamo-cortical circuitry [20,21 ]. 
Thus, EEG studies about AO have showed alpha band desyn-
chronization (i.e. cortical activation) over the scalp, with the most 
"reactive" area located under central electrodes sites (C3 and C4) 
[22-24], although frontal [25] and parietal [26] foci have also been 
described. Cochin et al. [27] have found stronger alpha band desyn-
chronization in the left hemisphere, mainly over central electrodes 
and alpha band desynchronization has also been reported to be 
stronger during the observation of transitive movements [28,29], 
and it seems to show gender differences too [30]. On the other hand, 
there is evidence suggesting that less alpha ERD could be an index 
of "neural efficiency" in sport experts [31]. 
Similar patterns of ERD have been described for beta band 
during AO and modulated by a participant's expertise [24,26]. In 
contrast, diverse studies have reported that MI modulates EEG 
alpha and beta rhythms during movement preparation, showing 
that alpha and beta bands desynchronize over the sensorimo-
tor cortex contralateral to the imagined movement [32,33]. In 
this respect, Marks and Isaac [34] have described different alpha 
rhythm modulations depending on the type of MI used. In this 
study, subjects with higher imagery vividness showed posterior 
left alpha band desynchronization during visual imagery and pos-
terior left alpha band synchronization during kinaesthetic imagery. 
Moreover, Fink et al. [35] have described low-alpha band synchro-
nization during dancing improvisation imagery, particularly at the 
parieto-occipital level. 
In spite of the continuous interest in investigating the role 
of AO and MI in motor learning [1,3-9,36-39], few studies 
directly compared the two learning strategies. Even though both 
approaches have been proven as effective cognitive motor learning 
techniques, AO seems more effective in promoting the learning of 
new and complex movements [40-43], which have been recently 
demonstrated by behavioral [40], neurophysiological [41] and 
neuroimaging [11] analysis. In spite of the continuous interest in 
investigating the role of AO and MI in motor learning [ 1,3-9,36-39], 
few studies directly compared the two learning strategies. Even 
though both approaches have been proven as effective cognitive 
motor learning techniques, AO seems more effective in promoting 
the learning of new and complex movements [40-43], which 
have been recently demonstrated by behavioral [40], neurophys-
iological [41] and neuroimaging [11] analysis. However, using 
functional magnetic resonance imaging (fMRI) [11] or transcranial 
magnetic stimulation and MEP [43], direct comparison of AO and 
MI approaches has been only conducted during the performance 
of simple movements (e.g., finger tapping or hand movement), 
whereas AO and MI during complex movements have been com-
pared only at a behavioural level [40]. More studies are needed 
to further explore the functional significance of cortical activation 
relative to each learning strategy during a complex sequence move-
ment. Furthermore, the role of brain activity changes (ERD/ERS) 
underlying learning of new and complex motor skills acquired 
through AO and MI as training modalities still remains unclear. 
With this in mind, the purpose of the present study was to com-
pare the neural correlates of AO and MI in relation to early learning 
performance of a complex four-limb hand-foot coordination task 
[40,44], not present in the subjects' motor repertoire. To do so, we 
analyzed cortical bioelectrical activity of sensorimotor rhythms to 
AO, MI and subsequent motor performance, together with kine-
matics, in a group of healthy subjects. The implications should be of 
great value in improving the use of AO and MI in several conditions 
such as sports or rehabilitation [2,9,37,45-47]. 
2. Methods 
2.2. Subjects 
Thirty healthy, non athlete, right-handed volunteers (17 
females, 13 males, mean age 22.9 ±2.3 years) were randomly 
assigned to three experimental groups: action observation (AO, 
n = 9), motor imagery (MI, n = 12) and control (C, n = 9). Any medical, 
neurological or orthopedic disorder, substance abuse or use of psy-
choactive drugs was considered as exclusion criterion. All subjects 
had normal or corrected-to-normal vision. Before the experimen-
tal procedure, each participant provided written informed consent 
and was screened in terms of the amount of subjects' physical activ-
ity (in terms of hours per week and years of practice), any previous 
elite-sport activity (in terms of years of practice, hours per week and 
years of inactivity), and any ability to play a musical instrument. 
Subjects were considered as non-athletes, and therefore eligible 
for the study, if they were not involved in sports for more than two 
training days per week. All subjects were naive to EEG experiments 
and were not part of the research group. 
2.2. Experimental design 
Subjects layed in the supine position from the beginning to the 
end of the experimental paradigm. One pillow was placed under 
each wrist to allow complete flexion and extension of the hand, 
and a small soft cylinder was positioned under the upper neck to 
keep the occipital bone raised, thus allowing correct placement 
of EEG occipital electrodes. The bed was positioned at the center 
of the acquisition volume, and it was surmounted by a computer 
screen (17 in.) fixed on a wooden support, 70 cm above subject's 
face. Experimental paradigm (Fig. 1), consisting of a 3-min pre-
training period, a 7-min training, and a 3-min task execution, began 
when subjects were correctly lying on the bed, as relaxed as pos-
sible. During the pre-training period all participants, irrespective 
of the group assignment, had to rest in a silent room without any 
distraction, for 6min (3min with eyes closed, to get acquainted 
with EEG recording, followed by 3 min with eyes open serving as 
EEG baseline, see below). Then, they were asked to read written 
instructions and figures explaining how to execute the motor task, 
projected for 90s on a screen. Movement consisted in a four-limb 
hand-foot coordination task, consisting in simultaneous sequen-
tial flexions and extensions of hands and feet in the parasagittal 
plane. The right hand and foot had to be moved in the same angu-
lar direction (in-phase or isodirectional movement), while moving 
the left hand and foot in opposite angular directions (anti-phase 
or antidirectional movement) [44]. After the instruction period, all 
participants were explicitly asked if they had fully understood the 
task and the instructions. Furthermore, to facilitate understanding 
of the task, two operators (one on the right side and one on the 
left side) simultaneously passively moved hands and feet of the 
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Fig. 1. Experimental paradigm: The figure summarizes the phases (top) and duration of each phase (bottom) of the experimental paradigm. Pre-training was the same for 
all groups: 6-min resting-state (3-min eyes-closed, 3-min eyes-open), followed by 90s of written instructions on the screen. During the training period (lasting 7 min) the 
AO (action observation) group watched a video of the task, the MI (motor imagery) group had to imagine it, the C (control) group was involved in a distracting mental 
computational task. Task performance (execution) lasted for 3 min. 
subjects, while a metronome beat the frequency of 1 Hz at which 
subject would be requested to perform the task. This passive trial, 
lasting about 2 s, consisted of one single cycle of flexion and exten-
sion of hands and feet. 
The training differed between groups (Fig. 1). The AO group 
watched a 7-min continuous video, alternatively displaying a male 
and a female performing the task from four different perspectives 
(cranial, caudal, lateral left, lateral right). The MI group had to men-
tally simulate the movement for 7 min. In the present study, MI 
was defined as an "integrated visual-kinetic imagery". In fact the 
MI task required both the representation of the spatial components 
of the perceived environment (i.e., "visual imagery" by explanatory 
pictures with real human figures taken at the same recording sce-
nario) and the kinesthetic feeling of the movement (i.e., "kinetic 
imagery ", which was also passively experienced by all partici-
pants as well). To avoid any extra advantage in the MI group with 
respect to the AO or C group, no movement imagery questionnaires 
(which often to include different items to imagine with different 
levels of actual movements before task performance) were used 
to evaluate the vividness of movement imagery in the visual and 
the kinesthetic dimensions MI. The C group mentally executed a 7-
min n-count task, which was a control distracting condition: they 
had to sequentially subtract a given number from 100 until they 
reached zero; then new numbers were provided to be subtracted 
from 100 until the 7 min had elapsed. To ensure that subjects of the 
C group were actually performing the computation (e.g. not imag-
ining the task) they were asked, every 40 s, which number of the 
sequence they had reached. Regardless of experimental group, all 
subjects were forbidden to actually perform the task during both 
pre-training period and training period. 
Task execution started immediately after the training period: 
following the beat of a metronome, subjects had to perform the 
movement for 3 min (180 s) at the frequency of 1 Hz. After task exe-
cution we asked subjects if they had understood the task correctly, 
if they had not, they would have been excluded from statistical 
analysis. 
Preliminary tests carried out before to start the present study 
revealed that there was a strong tendency in some participants 
to become distracted or not understand the instructions very well 
during the training condition or when instructions were provided 
simultaneously with the metronome sound, whereas other par-
ticipants (from all experimental groups) appeared to obtain an 
important behavioral advantage in comparison to others during 
the trainings conditions. Therefore, in order to have as homoge-
neous as possible in the learning and training conditions across 
the three experimental groups, we decided to use the metronome 
only during the movement execution. Given that in our study there 
were three different training conditions, the mean reason to use 
the metronome during the motor task was to provide a pace to 
thus avoid that the high variability of performance could interfere 
with the number of movements carried out for each group. 
2.3. EEG recording and analysis 
The EEG signal was recorded for 6 min at rest pre-training (eyes 
closed and open, 3 min each), for 7 min during training, (TRA) and 
for 3 min during task execution (EXE). During TRA and EXE con-
ditions subjects kept always their eyes open. In order to reduce 
blinks, subjects were told to look at a fixation cross on the computer 
screen; only subjects who watched the video were explicitly told 
to avoid blinks, given the high tendency to blink in this condition. 
EEG was recorded from 30 Ag—AgCl surface electrodes mounted on 
a cap (Electro-cap International, Eaton, OH) according to the 10-20 
international system. Electrode impedance was kept below 10 k^2. 
EEG signal was amplified (BrainAmp Amplifiers, Brain products, Co, 
Munich, Germany), filtered between 0.5 and 70 Hz) and digitized 
(250 Hz sampling frequency). Bipolar surface EMG was recorded 
bilaterally from extensor carpi radialis (R-EXT, L-EXT) and tibialis 
anterior (R-TA, L-TA) in order to verify muscle relaxation during 
resting and training periods. 
Changes in cortical activation with respect to the 3-min eyes-
open resting were quantified by means of task-related power 
(TRPow) [48]. Before performing analysis of TRPow, EEG signals 
were digitally filtered, with a low-cut of 1 Hz and a high-cut of 
50 Hz. Each condition (Resting, TRA and EXE) was segmented into 
non-overlapping epochs of 1024 ms and visually checked for EEG 
artifacts; epochs containing artifacts were rejected. During the TRA 
period, we verified through visual inspection and recording of EMG 
and kinematics from each limb to exclude slight muscle activation 
and thus contamination of the covert performance of each experi-
mental condition. For each period, at least 90 epochs were included 
for each subject (mean = 131 ±39) and the number of epochs did 
not differ for the three groups (p = 0.470). A Hamming window was 
used to control for spectral leakage, and a discrete Fourier transform 
was computed for each epoch. 
The role of theta or gamma band activity over motor or sensor-
imotor regions during motor movement performance has not been 
completely clarified [49]. Moreover, the role of alpha and beta 
ERD/ERS patterns on scalp EEG during compound limb MI or AO 
combing left/right hand and foot is not well known [50,18]. We 
focused on the EEG spectral profile in the range of "more clas-
sical" alpha and beta bands with a width of 4 Hz, which was 
calculated in individually selected frequency bands that were reac-
tive during movement execution. Thus, individual alpha frequency 
(IAF) peak was defined as the frequency showing its power in the 
extended alpha range (7-13 Hz). To account for the inter-individual 
alpha peak variability (frequency of maximal contribution of band 
power), the power was estimated with a width of 2 Hz centered 
in IAF peak [18,51]. Beta frequency band was inspected visually 
for each subject and its power was individually estimated within a 
individual narrow band of 4Hz (18-22 Hz) as these beta frequen-
cies were held constant for each subject over the experimental 
conditions [18,52,53]. 
For each subject and for each frequency band, we computed 
mean power at each electrode, in each condition (resting, TRA, EXE). 
The power values were transformed to relative power changes 
using power from eyes-open resting condition [54,55]. To reduce 
the effect of intersubject and interelectrode variability of absolute 
spectral power values, task-related power for each subject, fre-
quency band and electrode position was computed for both TRA 
and EXE conditions, according to the following equation: 
where Powx refers to the power value during either TRA 
or EXE condition. Thus, decreases in TRPow (event-related 
desynchronization-ERD or cortical activation) are expressed as 
negative values, whereas increases of TRPow (cortical idling or syn-
chronization) are expressed as positive values. TRPow values were 
used to generate topographical TRPow maps. 
For statistical analysis, in order to stabilize the variances of the 
power data and for selection of electrodes and regions of interest 
(ROI) we performed a log transformation of power values. We used 
log-transformed power values to calculate TR(logPow), according 
to the following equation: 
TR(log Powx) = Log(Powx) - Log (Powresting) 
According to this transformation, negative values of TR Log Pow 
represent ERD, while positive values represent ERS. We identified 
six ROI by averaging TR(logPow) for each electrode cluster: left 
frontocentral [Left-FC: FC1, C3, FC5], right frontocentral [Right-FC: 
FC2, C4, FC6], left centroparietal [Left-CP: CP1, CP5], right cen-
troparietal right [Right-CP: CP2, CP6], left parietal [Left-P: P3, P7], 
right parietal [Right-P: P4, P8]. We compared average TR(logPow) 
for each condition and frequency band (alpha and beta) using 
a mixed-design repeated measures ANOVA, with ROI (fronto-
central—FC; centroparietal—CP; parietal—P) and Hemisphere (left or 
right) as within-subject factors, and Group (AO, MI or C) as between-
subject factor. Resting EEG activity (log-transformed power values) 
was also investigated for each frequency band and across different 
groups. Distribution of data was assessed using the Shapiro-Wilk 
test of normality, and the Greenhouse-Geisser method was used 
where necessary to correct for non-sphericity. Bonferroni correc-
tion and post-hoc r-tests (paired and independent) were used to 
further investigate for possible groups differences and interactions 
effects. Statistical significance was set at p < 0.05. 
2.4. Kinematic acquisition and analysis 
In order to obtain wrist and ankle kinematics we used 6 video-
cameras (Elite, BTS-Milano) recording the movement of 12 passive 
markers, placed bilaterally onto the following points: head of the 
radius, ulnar styloid process, head of the fifth metacarpal bone, 
head of the fibula, lateral malleolus, head of the fifth metatarsal 
bone. Data were recorded usingBiomech v2.5, with a 100 Hz samp-
ling frequency. 3D movement reconstruction was obtained using 
Tracklab vl.O. Kinematic analysis was carried out with Smart Ana-
iyzervl.l. Each 180-s full track was split into six consecutive 30-s 
blocks. 
The kinematic outcome was the error time (ET, s), and it was 
defined as the sum of periods of incorrect performance [44]. We 
defined three types of incorrect performance: phase error occurred 
when one limb was moved in the opposite direction to which it 
should have moved; pause error occurred when one limb was not 
moved for more than 1100 ms; amplitude error occurred when the 
angular displacement of one limb was lower than half of its average 
angular displacement during the 30-s block considered for analysis. 
Two independent operators visually checked the tracks, detecting 
periods in which subjects moved their limbs incorrectly; when dis-
agreement occurred a third operator evaluated the tracks. We thus 
obtained six values of ET per subject (ETi, ET2, ET3, ET4, ET5, ET6) 
each corresponding to one of the 30-s blocks (ETi corresponds to 
seconds 0-30; ET2 to seconds 30-60; ET3 to seconds 60-90, etc.) 
Repeated measures ANOVA was performed over ET values, with 
Time (ETi, ET2, ET3, ET4, ET5, ET6) as within-subjects factor and 
Group (AO, MI, C) as between-subjects factor. 
2.5. Correlations 
To further describe the relationship between cortical activity 
during training (AO, MI, C) and the resulting cortical activity and 
motor performance during execution, linear regression analyses 
were carried out on the data. Thus, kinematic data (mean ET) 
from significant blocks (no. of errors during the first 30 s) and log-
transformed TRPow values in IAF and beta frequency bands from 
I 
1.4, 
0.6 
0 
•0.6 
-1.4 
í 0.6 
o 
I 0 
I -0.6 
-1.4 
f TRAINING (Alpha - IAF) 
FC 
• AO 
• MI 
• C 
CP 
~
c
^
r 
l l 
0.2, 
b 
-0.1 
-0.1 
TASK EXECUTION 
(Beta 18-22 Hz) 
FC 
1 
l 
i i 
CP 
I 
o — 
Fig. 2. Task-related TR(log Pow) changes over the selected regions of interest (ROIs) during Training and Task Execution in the three groups: action observation (AO): motor 
imagery (MI): control (C). Data are expressed as the groups mean for each ROI and error bars represent standard error of the mean (SEM). Negative values represent power 
decrease with respect to rest (e.g. cortical activation-ERD), and positive values indicate power increase (e.g., cortical idling-ERS). Only bands with significant Group effects 
are displayed. p-values(*p< 0.05) refer to contrasts in post-hoc paired t-tests. The electrode positions corresponding to each ROIs are indicated in the central image for the 
left and right hemisphere; FC: fronto-central; CP: centro-parietal: P: parietal. IAF: Individual alpha frequency. 
the different ROIs (FC, CP, P) were entered in a stepwise fashion 
into a linear regression model to determine the strongest cortical 
activity predictor of movement execution. We used a conserva-
tive forward stepwise selection (entrance criterion p = 0.05 and exit 
criterion p = 0.10) because the study is exploratory. 
3. Results 
Fig. 2 summarizes results of the post-hoc analysis and Fig. 3 
summarizes the cortical activation patterns for the three different 
experimental groups. Fig. 4 illustrates the kinematic results of the 
performance time course. 
alpha TR(logPow) changes were seen in the Control group, except 
for a weak cortical activation in fronto-central regions bilaterally. 
Repeated measures ANOVA showed a significant interaction 
ROIxGroup (F(4 52) = 4.18, p = 0.02), revealing post-hoc paired r-
tests significant greater ERD values in the AO group than the MI 
group over bilateral parietal regions (p = 0.03) (Fig. 2). There also 
was a trend towards significance between AO (greater ERD) and 
MI and C groups for frontocentral regions (p = 0.79). No differences 
involving hemisphere or between either AO and C groups or MI and 
C groups were found. 
A similar pattern of cortical activation was observed on beta 
ERD, with no statistically significant effects. 
3.1. EEG-Resting 
During the resting period, ANOVA revealed no significant main 
Group effect (alpha, p = 0.65; beta, p = 0.52) or interactions for any 
of the frequency bands analyzed. 
3.2. EEG—Training 
Movements (measured by EMG or Kinematic activity) during 
the TRA period in the three experimental groups were extremely 
infrequent, and if they were present, these segments of EEG signal 
were not further considered for the EEG analysis. During training, AO 
and MI were associated with a diffuse sensorimotor alpha and beta 
desynchronization (i.e., reduced TRPow values) (Fig. 3). No relevant 
3.3. EEG—Task execution 
During task execution, reactivity of sensorimotor rhythms (ERD: 
power reduction; ERS power increase) over the centroparietal and 
frontal ERD was observed in all groups, predominantly for the MI 
and C groups and less evident for the AO group (Fig. 3). Repeated 
measures ANOVA showed a significant Group effect in beta band 
during movement execution (F(2,26) = 7.20, p<0.01). A significant 
interaction ROIxGroup was also found beta band (F(4 52) = 3.60, 
p = 0.02], indicating post-hoc testing a significantly stronger pari-
etal ERS (lower ERD) in the AO compared with the MI and C groups 
(p = 0.02 and 0.04, respectively) (Fig. 2). A similar pattern of corti-
cal activation was also observed on IAF ERS, with no statistically 
significant effects. 
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3.4. Kinematics 
Groups resulted homogeneous for sex, age, physical and musi-
cal activity (Kruskal-Wallis one-way ANOVA: n.s.). Data obtained 
from one subject in the MI group were excluded from the anal-
ysis because he reported not understanding the task. Results of 
error time (ET) at kinematic analysis are shown in Fig. 4. A sig-
nificant effect was found for factor Time [F(5 130) = 6.58, p<0.01]; 
in fact post-hoc analysis revealed that all groups showed signifi-
cant reduction of mean ET from the first 30-s block (ET1) to the 
second one (ET2) (p < 0.01). A significant Group effect [F(2> 26) =3.73, 
p = 0.03] was also present, with AO group performance significantly 
better than the MI group after application of the Bonferroni post-
hoc adjustment test (p = 0.03). 
3.5. Relationship between EEG reactivity during training, 
execution, and behavioural performance 
Regression modeling tested the relative association between all 
EEG variables of our study (during training and execution periods) 
and the correct performance of movement. TR(logPow) in beta 
band over parietal sites during task execution was the only vari-
able selected in the final model (r=0.54; R2 =0.27; p = 0.04). Thus, 
among all EEG measures and ROIs, beta synchronization in bilateral 
parietal regions was the strongest predictor in the model for the 
movement execution, revealing that those subjects with weaker 
beta ERD or greater beta ERS (i.e., increased TR(log Pow) values) also 
performed movement execution much better, with a reduction of 
mean ET (first 30-s block) (Fig. 5). 
4. Discussion 
The purpose of this study was to compare the effectiveness 
of AO and MI in promoting early learning of a complex four-limb 
coordination task. During the training period, AO was associated to 
the greatest sensorimotor EEG activations, as from the alpha desyn-
chronization over frontocentral and bilateral parietal areas. During 
actual motor performance, the AO group also had the best kine-
matic performance and the lowest amount of cortical activation, 
as from beta synchronization over parietal areas. The consistency 
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Fig. 4. Performance time course-kinematic analysis. Group average data (mean 
and standard error) of error time (ET) overa block of 30s (Tl, T2, T3, T4, T5, T6) 
during motor performance. For each subject, ET represents the mean error time 
during in-phase and anti-phase movements of the four limbs, f Significant Group 
effect [F(2,26) =3.73, p = 0.03), with significant post-hoc difference between AO and 
MI (p = 0.03, Bonferroni corrected). ** Significant Time effect [F(5,130) = 6.58; p < 0.01), 
with significant post-hoc difference between Time 1 and Time 2 (p < 0.01, Bonferroni 
corrected). 
between EEG and kinematic findings was also confirmed at 
regression analysis, indicating that beta synchronization during 
task execution was the best predictor of movement performance. 
Taken together, these results may suggest that specific parietal and 
fronto-central alpha desynchronization may reflect focused activa-
tion involved in learning a complex coordination movement during 
AO. In addition, the best behavioural performance in AO group 
seems to be associated with increased in parietal beta synchronyza-
tion and with the need for a lower recruitment of cortical resources 
compared with the MI group. Consistently, there is evidence in the 
literature that frontal and different subregions of parietal cortex are 
O O OO BO 
• AO 
O MI 
C 
Beta (18-22 Hz) - Parietal regions 
TR(LogPow) 
Fig. 5. Correlation scatterplot of the results obtained from the stepwise multiple 
regression analysis. Regression modeling tested the relative association between 
all significant EEG variables and motor performance. The amount of beta ERS (e.g., 
cortical idling) during movement execution in bilateral parietal regions was the only 
variable selected in the final model (r=0.54; R2 = 0.27; p = 0.04). 
active during observation of intransitive movements [11,12,56], 
and may differentially interact during the cognitive processing 
of upper and lower limb movements [57]. Moreover, this cortical 
activity is modulated by several variables, such as perspective 
[58,59], the observer's posture [60], handedness [61], or the part 
of human body being imagine [62]. In particular, motor experience 
seems to have a crucial role in the quality of cortical activation dur-
ing AO. For example, better activations have been described during 
the observation of familiar acts [28,63,64] as opposed to novel acts. 
MI has also been demonstrated to be effective in activating 
sensorimotor networks [65-68]. Interestingly, cortical activations 
are differentially activated by the sensory system (kinaesthetic 
rather than visual) involved in mental rehearsal process [66] but 
cortical activity during MI appears to be modulated both by imagery 
ability [69] and motor experience [35,70]. 
There is strong evidence suggesting that the mirror neuron sys-
tem may share common cortical substrates to AO, MI and actual 
movement; a fronto-parietal network involving visuomotor neu-
rons [12,71-74]. Mirror neurons were described for the first time 
in the brain of the macaque monkey [75]. They fire both when the 
monkey executes an object-directed action (transitive movement) 
and when it observes someone else performing the same action, 
thus encoding the purpose of an observed action (e.g. grasping) and 
the motor intentions of the observed individual (e.g. grasping to 
eat) [75-77]. Several works demonstrate the existence of a human 
homologue of monkeys' mirror neuron system, involving parietal 
and frontal areas [53,72,78-80], whose function is not only related 
to action and intention encoding, but also to intransitive actions 
encoding (e.g. wrist flexion and extension) and imitation learning 
[12,78,81]. 
The rationale of our work particularly relies on the aforemen-
tioned characteristics of human mirror neurons. In our findings, AO 
enhanced learning compared with MI and, as previously hypoth-
esized by Horn et al. [36], possibly was related to a more efficient 
activation of the mirror neuron frontoparietal system, as well as 
a much better synchrony in the corticospinal system [82]. Previ-
ous works reported sensorimotor rhythms desynchronization to 
action observation [22-26,28,31], motor imagery [34,35,83,84], or 
even during listening to action-related verbs [85]. Motor imagery 
appears to be also related to internal thinking [86] and to internally 
versus externally directed attention by alpha synchronization [87]. 
Interestingly, desyncrhonization of the alpha (or 'mu') rhythm 
has been reported associated with activation of the mirror neuron 
system [88]. This evidence has been further supported by electro-
physiological and neuroimaging studies in humans, which have 
showed that during AO, alpha/mu desynchronization is primarily 
associated with activity in the inferior parietal cortex and other 
frontal areas associated with the mirror neuron system, such as the 
supplementary motor area and the dorsal premotor area [56,89,90]. 
Our data are consistent with this view and suggest that motor acti-
vation during AO may reflect subthreshold preparation of correct 
responses. This activity can be modulated by movement observa-
tion, likely by modifying internal motor representations and the 
related neural networks involved in processing sensorimotor con-
trol. 
We believe that our results of AO training being associated with 
a stronger cortical activation and a subsequent better motor perfor-
mance, compared with MI, are not in contrast with the amount of 
evidence demonstrating that MI is an effective tool in motor learn-
ing [3-6]. Furthermore, MI has been reported to be associated with 
EEG changes similar to those observed during actual motor per-
formance, despite the fact that observation of movement achieves 
a much better performance than imagery conditions [91]. In the 
present study, MI designated movements that were not previously 
observed or executed, but instead mentally simulated as if they 
were. Our findings seem to indicate that difficulties in imagining 
the unfamiliar movement were reflected in the bad performance, 
suggesting that the unfamiliarity of the type of movement may 
promote inaccurate MI and, therefore, unsuccessful attempts of sub-
sequent performance. 
Our EEG findings are not directly comparable, and the mental 
processes associated are also difficult to interpret, which is due to 
the nature of our MI condition. Because the imagery exercises in the 
present study were indeed detailed and oriented towards either the 
visual or kinesthetic aspects of the task, a clear distinction between 
visual or kinetic imagery could not be explicitly made in our study 
[92,93]. In this respect, some authors have categorized MI either as a 
self-visualization of action (visual imagery or third-person process) 
or as a mental simulation of movement, associated with a kines-
thetic feeling (kinetic imagery or first-person process) [91,92]. This 
distinction has been further supported by behavioral and functional 
(EEG and neuroimaging) works, indicating that kinesthetic and 
visual motor imagery seem to activate different neural networks 
and different cortical activation patterns [34,66,91,94]. However, 
given that all our experimental groups, including the MI group, had 
to read written instructions and to watch explanatory figures (i.e., 
visual imagery or third-person process), and given that the kines-
thetic feeling of the movement was also passively experienced by 
all participants as well (i.e., "internal" kinetic imagery), we specu-
late that the EEG activation pattern observed in our MI condition 
may have involved both sparse somatomotor and visual represen-
tations of movement, although the 'potential' positive effects of MI 
practice to learn the motor task described in other studies and on 
motor performance was lacking, likely due to the relative difficulty 
of imagining the challenging and unfamiliar action of our task [95]. 
Instead, the present data must be interpreted in the context of 
the specific paradigm used. First, the task was quite complex and 
movements were not finalistic or familiar to the subjects. The most 
likely explanation for a weaker sensorimotor activation in the MI 
group during training is task difficulty and unfamiliarity, which may 
have led to difficulty in mental representation of the movement 
required to imagine. In fact, task explanation was provided by writ-
ten instructions for 90 s, followed by some only two-cycle passive 
movements of the limbs. Subjects in the AO group could take advan-
tage of a third kind of instruction during training by watching the 
video. Apart from the cortical facilitations provided by observation 
of the video, it is likely that the AO group could better understand 
the task, while the MI and C groups could not benefit on written 
instructions and passive movement only, without the advantage 
of additional visual exposure to the task. A minor and dispersed 
activation pattern involving different cerebral areas in the Control 
group during mental calculation was what we expected, as this task 
does not require specific activation of the sensorimotor EEG bands 
investigated here [96-98]. 
Evidence for differences in performance and pattern of cortical 
activation in humans and monkeys associated to goal-directed or 
indirected behavior has been also demonstrated [99,100]. Despite 
attempts to explain the task and ensure that all subjects had under-
stood before the training period, we cannot exclude the possibility 
that the lack of adequate sensorimotor activation during the motor 
imagery task in the MI group was just related to the fact that sub-
jects had not understood the task properly and therefore could 
not imagine it, or simply they did not imagine as instructed. This, 
however, it is a common problem in most motor imagery experi-
ments. However, the difficulty in understanding or imagining the 
requested performance has to be considered when the MI is pro-
vided for facilitating a novel and complex motor task. 
Notably, our results of TRPow analysis during task performance 
are in line with those of kinematic analysis. One explanation for our 
findings may be related to the pattern of muscle performance itself. 
Either correctly or incorrectly, all subjects moved their extremi-
ties during task execution. As subjects in the AO group executed 
the task with correct alternation of flexions and extensions (i.e. 
low values of ET), they were able to alternate muscle contraction 
and muscle relaxation, and, consequently, to alternate activation 
(desynchronization) and deactivation (synchronization) of cortical 
areas involved in motor control [53,83,101,102]. Subjects in the 
MI and C groups, on the contrary, had to change movement direc-
tion very frequently because they made more movement mistakes 
(i.e. higher values of ET), hence they were in a constant state of 
muscular activation, and consequently, of cortical activation. In this 
respect, a greater amount of beta desynchronization may be inter-
preted as a correlate of increased cortical activation and excitability 
[53,103,104]. 
One limitation in interpreting changes in beta rhythms in the 
present study is related with the task-related analysis. Block design 
does not allow to distinguish, in case of significantly lower ERD or 
higher ERS, between an effect mediated by lower ERD, higher ERS 
or a combination of the two over the movement cycles. The event-
related analysis, allowing to describe the time-course of cortical 
activation (ERD) and inactivation/idling (ERS) [105,106] could not 
be performed in this case given the cyclic, continuous nature of the 
movement sequence of our task, without spacing between single 
movements. 
On the other hand, it is possible that the AO group showed 
a greater efficacy in learning and executing a novel motor task 
than the MI and C groups, at least in an early quick phase 
of the motor learning process. Our kinematics and EEG results 
suggest that better performers were associated with, not only 
enhancement of activation (stronger alpha ERD) during train-
ing, but also with decreased neural activations (greater beta 
ERS) during movement execution, which might be reflective of 
greater neural efficiency in the brain networks underlying per-
formance [107,108]. This suggests a more efficient neural code 
for controlling the motor movement and is consistent with the 
enhancement of beta synchronization following successful move-
ment [109,110], particularly during gross movements such as 
the wrist [111], as well as improved motor performance [82]. 
The regression modeling results of our study are in line with 
these mentioned findings, revealing that an increase in beta syn-
chrony (during task execution) accounted for greater variance 
than an increase in alpha desynchronization (during training) in 
explaining the improved motor performance. Thus, beta activ-
ity has been related to increased alertness in thalamo-cortical 
systems [112], and increases with increased precision of motor 
tasks [113]. In this respect, post-movement beta synchroniza-
tion is considered to reflect the cortical processing of afferent 
muscle inputs [114,115]. Beta activity may be associated with a 
more efficient processing of peripheral feedback required for mon-
itoring the different stages of movements [116-119]. In the AO 
group, a higher beta synchronization following each movement 
cycle may have led in our findings to an overall weaker beta 
desynchronization considering the whole movement period ana-
lyzed. 
Interestingly, our results (Fig. 3) showing specific task-related 
alpha desynchronization (i.e., cortical activation) and beta synchro-
nization (i.e., cortical idling) in parietal regions are also consistent 
with recent evidence that different subregions of parietal cortex can 
be selectively recruited by the processing of limb movements and 
strongly involved in limb gesture processing [11,57]. Moreover, our 
findings also support neuroimaging studies using different cogni-
tive and motor tasks, which have also demonstrated the association 
between fast/slow learning and decrease/increase in activity within 
a fixed network of regions, or recruitment of additional regions 
as the skill is learned [120-124]. Furthermore, neurophysiological 
[41,125,126] and fMRI [127-129] findings suggested higher degree 
of cortical activation for more demanding motor tasks. This appears 
to also be the case in our study, with the most successful task 
execution associated with the lowest degree of cortical activation 
(i.e. cortical synchronization) in the AO group. 
5. Conclusions 
We showed that bioelectrical cortical activation to AO and MI 
are associated with the motor learning process of a complex motor 
coordination task. These findings are consistent with previous evi-
dence pointing to the use of AO as an effective tool in motor 
learning, probably through activation of the mirror neuron system. 
One possible explanation for the superiority, in our results, of AO 
compared with MI in promoting motor learning may rely in the 
specific task used. The type of movement (afinalistic, unfamiliar), 
together with the pre-training instructions (brief exposure to writ-
ten description and passive movement) probably made the process 
of motor imagery too difficult to be as effective as AO in promoting 
early motor learning. In our findings AO, resulting in better learning 
compared with MI, also elicited a stronger activity of the sensorim-
otor cortex during training, resulting in a lower amount of cortical 
activation during task execution. Alternatively, it would be possi-
ble to hypothesize that engagement in AO may increase arousal 
and self-efficacy, thus having a positive effect on motivation and 
self confidence during movement execution. 
The present data point out to the functional role of sensorimotor 
rhythms during motor learning and can be a partial confirmation of 
the neural efficiency hypothesis. Specifically, practice after AO may 
decrease task demands, improve behavioral performance, and pro-
duce activation decreases in task-relevant brain areas, with lower 
allocation of cortical resources associated with improved perfor-
mance. Another possible mechanism underlying the efficacy in our 
study of AO with respect to MI in learning a novel complex motor 
task, may be due to increased corticocortical coupling, as indexed 
by coherence, between parietal, premotor, and motor networks, 
and without excluding the possible contribution across others EEG 
frequency bandwidths. Taken together, our results underline the 
importance of using a correct strategy in acquiring novel motor 
competence, suggesting that during AO, subjects appear to process 
and collect sensory and motor information relevant to action in an 
effective and efficient manner, which allowed them to apply a series 
of decision making strategies appropriate to defining which move-
ment sequence to perform, and activating control processes such as 
feed-forward control during motor execution [40,130]. These find-
ings provide new possibilities for the ability to coordinate upper and 
lower limbs and for motor learning by AO in comparison to MI, at 
least in the early phase of the motor learning process, which should 
be considered during neurorehabilitation and physical training. 
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